Dermatophytes are the group of filamentous fungi infecting keratinized structures such as skin, hair, and nails. Knowledge about genes and molecular mechanisms responsible for pathogenicity, as well as other biological properties of Microsporum canis is still relatively poor. The qRT-PCR is a reliable technique for quantifying gene expression across various biological processes, and choosing a set of suitable reference genes to normalize the expression data is a crucial step of this technique. We investigated the suitability of nine candidate reference genes: β-act, β-tub, adp-rf, ef1-α, sdha, rpl2, mbp1, psm1, and rGTPa for gene expression analysis in the dermatophyte M. canis in response to different carbon sources, phosphate levels, and pH shifts -factors that are extremely important and necessary for growth of dermatophyte in the host tissue. The transcription stability of these genes was evaluated using NormFinder, geNorm, BestKeeper, and RefFinder software. Regarding expression stability, mbp1, β-act, and sdha were the most stable housekeeping genes which we recommend for future qRT-PCR studies on M. canis strains. To the best of our knowledge this is the first study on selection and validation of reference genes for qRT-PCR data normalization in M. canis growth in culture media which promote adhesion-inducing conditions.
Results
Standard curve, PCR efficiency, and product specificity. The cDNA samples were obtained using total RNA isolated from three independent repetitions of M. canis cultures subjected to 30 environmental conditions (Supplementary Table S1 ). The expression of nine reference gene candidates (Table 1) was evaluated in control (M. canis cultivated in MM-Cove medium) and experimental conditions (Table S1 ). The raw C t values (Supplementary Table S1 ) were used to calculate the mean C t for each amplicon in each sample. The candidate reference genes exhibited C t values ranging from 15.08-26.65 ( Fig. 1 , Table 1 ). The calculated efficiencies for the candidate reference genes, shown in Table 1 , were between 99-110%. The efficiency curves for nine analyzed candidate genes were found to have linear correlation coefficients (R 2 ) ranging from 0.997-0.999. Melt peak analysis demonstrated a single homogenous peak for all primer sets ( Fig. 2A) . Polyacrylamide gel electrophoresis analysis of the amplified products for all primer sets revealed single bands of the expected size (Table 1, Fig. 2B ).
Analysis of candidate reference gene expression using geNorm, NormFinder, BestKeeper, and RefFinder. The GeNorm module of qbase + (Biogazelle) ranks the reference genes based on the stability value (M-value). The lower M-value corresponds to the more stable gene. In order to examine the minimal number of genes required for reliable normalization, the V-value for all gene pairs was calculated (V n /V n+1 ) between two subsequent normalization factors (NF n and NF n+1 ) with the cut-off value set at 0.15. Analyses were conducted using eleven groups of samples: A and B -all experimental conditions; C and D -growth in MM-Cove medium (control medium); E and F -growth in MM-Cove medium with glucose; G and H -growth in MM-Cove medium with keratin; I and J -growth in MM-Cove medium with keratin/soy protein; K and L -growth in MM-Cove medium with elastin; M and N -growth in MM-Cove medium with collagen; O and P -growth in MM-Cove medium with colloidal chitin; R and S -growth in KSM medium; T and U -growth in MM-LowPi medium; W and X -growth in YEM-LowPi medium. mbp1, β-act, sdha, and β-tub genes were the most stable genes under all tested conditions with mbp1 ranked as the best reference gene (M-value = 0.438). On the other hand rGTPa was the least stable gene (M-value = 0.968) in all analyzed samples (Fig. 3A) . The pairwise variation (V n /V n+1 ) indcated that the use of four reference genes was reliable for normalization (V 4/5 = 0.118) (Fig. 3B) . The stability analysis of nine candidate reference genes of M. canis cultivated on control medium (MM-Cove) showed that rpl2 and β-act were the most stable ones (Fig. 3C) , and the use of two reference genes was adequate to achieve credible data normalization (V 2/3 = 0.131) (Fig. 3D) . Given that mbp1 and sdha genes presented the most stable expression level in the presence of glucose in a culture medium (Fig. 3E) , we estimated according to pairwise variation (V n /V n+1 ) that the use of two reference gene gave reliable results for qRT-PCR data normalization (V 2/3 = 0.145) (Fig. 3F) . The stability analysis with geNorm module showed that rpl2 and β-tub genes were the most stable when keratin was the main substrate during M. canis cultivation (Fig. 3G) , and according to the pairwise variation (V n / V n+1 ) the use of these two reference genes was sufficient for the process of proper normalization (V 2/3 = 0.105) (Fig. 3H ). In the presence of keratin and soy protein in cultivation medium, mbp1, and sdha reference genes of M. canis reached the lowest M-value (Fig. 3I) , and the use of two reference genes was suitable to achieve the best normalization data (V 2/3 = 0.057) (Fig. 3J) . The stability analysis of M. canis candidate reference genes expressed in MM-Cove medium supplemented with elastin showed that β-tub and mbp1 genes were the most stable ( Fig. 3K ), while analysis of pairwise variation (V n /V n+1 ) revealed that the use of two reference genes was the best combination for normalization results (V 2/3 = 0.067) (Fig. 3L ). sdha and adp-rf were the most stable candidate reference genes of M. canis in the presence of collagen in a culture medium (Fig. 3M ). Pairwise variation (V n /V n+1 ) demonstrated that the use of these two reference genes was reliable for accurate normalization (V 2/3 = 0.071), moreover addition of one more gene (rpl2) resulted in variation of such normalization factor (V 3/4 = 0.071) (Fig. 3N ). β-act and rpl2 reference genes were the most stable ( Fig. 3O ) when M. canis was cultivated on MM-Cove medium supplemented with colloidal chitin. According to (V n /V n+1 ) analysis the use of two genes was credible for normalization (V 2/3 = 0.077) (Fig. 3P ). rGTPa and adp-rf genes were ranked by geNorm as the best reference genes in Keratinocyte-SFM medium (KSM) containing L-glutamine (Fig. 3R) , as the use of these genes resulted in accurate normalization (V 2/3 = 0.141) (Fig. 3S ). Sdha and β-tub were found to be the most stable genes in the presence of low concentration of organic Pi in MM-Cove medium at different pH ( Fig. 3T ) while psm1 and mbp1 were the most stable genes in the presence of low concentration of organic Pi in YEM-medium at different pH (Fig. 3W) .
In both cases, the use of two reference genes combination provided the best normalization (V 2/3 = 0.051, and V 2/3 = 0.027, respectively) (Figs. 3U, 3x) . Summarizing, our analysis using geNorm module algorithms showed that mbp1, β-act, sdha, and β-tub with an M-value of 0.438, 0.478, 0.496, and 0.593, respectively (Table 2) were overall the most stable candidates for normalization of M. canis target gene expression across all experimental conditions. However, different sample sets required individual, most stable reference gene combinations (Fig. 3) , what emphasizes the importance of such reference genes identification before qRT-PCR analysis. NormFinder analysis showed that sdha had the lowest stability value SV = 0.081 and demonstrated that when the samples were subjected to different environmental stimuli the best combination of two reference genes was sdha and mbp1 with SV = 0.070 (Table 3) The Excel-based BestKeeper algorithm 25 was used to evaluate the expression stability of reference genes based on the coefficient of variance (CV) and the standard deviation (SD) of the average C t values. The descriptive statistics for the nine candidate genes is given in Table 4 . Among nine evaluated candidates, seven genes exhibited a recommended standard deviation value [0.5 < SD[±C t ] ≤ 1.00]. Data analysis using pairwise correlation and regression analysis assessed the inter-gene relations, which eliminated ef1-α and rpl2 genes as showing highest standard deviation (SD = 1.21, and 1.04, respectively) and variation (CV = 6.25, and 4.75, respectively). The lowest variation was observed for the rGTPa gene (CV = 2.74). Moreover, rGTPa gene demonstrated a weak correlation to BestKeeper index (BI) as compared to other candidates (r = 0.492). Therefore, ef1-α, rpl2, and rGTPa gene were excluded from further normalization. The analysis of the remaining six genes (β-act, β-tub, adp-rf, mbp1, and psm1) showed a significant correlation of 0.716 < r < 0.898 between their expression levels and BI (p < 0.001). Ranking of the four tightly correlated genes on the basis of variation from the most stable to the least stable one was as follows: β-act, mbp1, sdha, and β-tub. Among these four genes β-act, and mbp1 were the most highly correlated 0.898 < r < 0.891 to the BI (Table 4 ). Finally, RefFinder which is a comprehensive web-based tool that integrates geNorm, NormFinder and BestKeeper was applied to generate a comprehensive final ranking of the candidate reference genes. As shown in Table 2 , mbp1, sdha, and β-act were ranked as the top stable genes under all experimental conditions. Stability of mbp1, β-act and sdha reference genes in M. canis strains. We compared the data of mbp1, β-act, and sdha reference genes expression in M. canis CBS 113480 and M. canis 23/10 strain (isolated from cat) with those obtained for M. canis 267/10 strain, which was used in the stability evaluation. The M. canis CBS, M. canis 23/10, and M. canis 267/10 strain were cultivated at 28 °C for 48 h in MM-Cove medium (control medium), and MM-Cove medium supplemented with keratin. Degradation of keratin as well as other proteins releases amino acids, metabolism of which leads to secretion of ammonia what changes pH from acidic to alkaline, after 48 hours 22 , which is extremely important for growth of dermatophytes in the host tissue. Therefore, to check stability of the selected reference genes in other M. canis strains it is reasonable to choose keratin as a carbon source, as it builds stratum corneum of mammalia. We observed slight variation in the C t values (Fig. 4) but mbp1, β-act, and sdha genes expression was not significantly different under the experimental conditions (p mbp1 = 0.91; p β-act = 0.46; p sdha = 0.93, ANOVA) (Fig. 4) . These results confirmed the stability of mbp1, β-act, and sdha reference gene expression in different M. canis strains, suggesting that these genes are sufficient for effective normalization of qRT-PCR data.
Validation of selected M. canis reference genes. To validate the selected reference genes for qRT-PCR normalization, the relative expression profiles of the MEP3 gene were analyzed. MEP3 is known as the gene encoding M. canis keratynolityc metalloprotease (43.5 kDa) expressed in the presence of keratin 26 . The Table 4 . Descriptive statistical analysis of candidate reference genes using BestKeeper. increase of MEP3 transcript of M. canis 267/10 growing in MM-Cove medium supplemented with keratin and keratin/soy protein in relation to control medium was found when the three reference genes (variant B) were used, as revealed by all four algorithms (Fig. 5 ).
Discussion
qRT-PCR technique is a frequently used platform to quantify transcript abundance. However its heavily dependent on the stability of the internal reference genes used to normalize measurements of transcription level.
Normalizer genes are defined as those with a stable expression under previously defined conditions, thus appropriate to quantify gene expression level of specific targets. In agreement with our results, increasing numbers of studies demonstrated that no single reference gene is stably expressed in all cell types and under different experimental conditions 27 . Therefore, the expression stability of candidate reference genes needs to be verified before each qRT-PCR experiment.
In the present study, we used four different algoritmhs such as geNorm, NormFinder, BestKeeper, and RefFinder to evaluate nine candidate reference genes for their potential use as internal controls for expression analysis of target genes of M. canis in culture media supplemented with different carbon sources, inorganic phosphate, and at optimal pH what promotes adhesion-inducing conditions. To our knowledge, this is the first identification and validation of mbp1, β-act, and sdha as the most suitable and stably expressed reference genes of M. canis tested among the larger set consisting of nine candidates (Table 2) . Transcription factor 1 (mbp1) involved in transition of cell cycle from G1 to S phase was classified in our study as one of the three most stable genes ( Table 2) . This is the unique use of this gene as there have been no reports on validation of mpb1 as a reference in other fungi transcription studies so far.
β-act, one of the three major proteins of cytoskeleton and sdha gene that codes for a subunit of succinate dehydrogenase and is important in cellular respiration were also found in our study to be suitable reference genes for expression analyses in M. canis growing under different adhesion inducing conditions. β-act as well as 18 S and gapdh were some of the most commonly used housekeeping genes in qRT-PCR analysis 28 . β-act, performed as highly reliable reference gene when evaluated in fungi such as Trichophyton rubrum 24 , Aspergillus niger 29 , Candida albicans 30 but also in other eukariots such as: barley (Hordeum vulgare L.) 31 , tung tree (Vernicia fordii Hemsl.) 32 , crop Musa 33 or humans (prostate cancer studies) 34 . However, it has to be pointed out that there were also reports in which β-act was found to be unstable e.g. in Saccharomyces cerevisiae 35 , Candida glabrata 36 , Benjaminiella poitrasii 37 , Poria cocos 38 , Monopteus albus 39 or cell culture models infected with influenza viruses 40 . Sdha gene was found to be suitable housekeeping gene for expression analyses in bovine tuberculosis 41 , rat tissue under toxicological conditions 42 , human glioma 43 , stress response of the athlete horses cells 44 , neutrophils, and untreated total blood leukocytes 45 . Again, some other studies have demonstrated that the stability of sdha gene expression was low in Candida glabrata 36 , rat vocal fold model of mucosal injury 46 or different tissues of yak fetuses 47 . So, despite the fact that β-act and sdha genes were often used as housekeeping genes, a number of studies have provided evidence that their transcription level may vary between different organisms, cell types, developmental stages or experimental conditions 27 and for that reason the selection of the most appropriate internal controls for each experimental model used for qRT-PCR is a crucial prerequisite for reliable gene expression analysis. In this study several optimal sets of reference genes that are suitable for qRT-PCR data normalization in M. canis were identified (Table 3, Fig. 3 ). These results indicate that the stability of reference gene expression in M. canis needs to be investigated for each experimental condition, what confirms the thesis that there is no universal reference gene (Fig. 3, Table 3 ).
In order to validate the reliability of the selected reference genes, relative quantification of MEP3 gene known to be induced in the presence of keratin was performed. The MEP3 up-regulation was detectable in M. canis 267/10 growing in MM-Cove medium supplemented with keratin and also with keratin/soy protein only when the three reference genes: mbp1, β-act, and sdha previously selected as most stable internal controls were used in combination. The results clearly proved that normalization using inappropriately chosen housekeeping genes could lead to erroneous conclusions (Fig. 5) .
In conclusion, our study was the first attempt to evaluate and validate M. canis reference genes. These findings will allow further analysis of M. canis gene expression under different adhesion-inducing environmental stimuli, with improved accuracy and reliability, and may also provide a starting point for selection of candidate genes for gene expression analysis in other related species.
Materials and Methods
Selection of candidate genes and primer design. Nine candidate reference genes (β-act, β-tub, adp-rf, ef1-α, sdha, rpl2, mbp1, psm1, and rGTPa) were selected based on the NCBI database (http://www.ncbi.nlm.nih. gov) in some fungal species and other organisms ( Table 1) . Primers were designed based on nucleotide sequences deposited in GenBank (Table 1 ) and theoretically evaluated using Primer3 software 48 . Default program settings were selected except for following categories: "monovalent cations concentration" which was set at 50 mM, "divalent cations concentration" set at 3 mM, "dNTP concentration" set at 1.2 mM, and "annealing oligo concentration" set at 250 mM. All PCR products were within 80-150 bp range and one of the primers from each pair was anchored within exon-exon junction. Each primer pair underwent experimental evaluation and was accepted if all following conditions were true: (1) product PCR reaction using cDNA as a template was specific, (2) reaction using genomic DNA as a template gave no product, and (3) the efficiency of a real time PCR reaction was between 90-110% (Table 1) .
Fungal strain and growth conditions. For all experiments Microsporum canis 267/10 strain was used, which is a clinical isolate from tinea capitis of a 54 years old woman. Microsporum canis CBS 11348 and Microsporum canis 23/10, a clinical isolate from cat, were used in evaluation of the most stable reference genes, selected by geNorm, NormFinder, BestKeeper, and RefFinder algorithms. Standard mycological identification based on the phenotypic features was performed in the specialized hospital laboratory and confirmed in our laboratory by PCR-RFLP analysis targeting ITS1-5.8S-ITS2 followed by sequencing 49 . Conidia from M. canis strain (approximately 10 7 cells/ml) were isolated as described previously 50 and incubated separately for 24 h, 48 h, and 72 h at 28 °C with agitation in a liquid minimal medium (MM-Cove) 51 (control medium) supplemented with 70 mM sodium nitrate at pH 5.0, and, respectively, with different carbon sources such as: glucose (55 mM RNA extraction, cDNA synthesis and qRT-PCR. Total RNA was extracted from M. canis cells using RNeasy Plant Mini Kit (Qiagen) according to the manufacturer's instructions, with addition of DNase I to eliminate potential DNA contamination. Quantity and purity of the RNA was assessed by NanoPhotometer TM Pearl Version 1.0 (IMPLEN). Only RNA samples with A260/A280 ratio between 1.9 and 2.1, and A260/A230 ratio higher than 2.0 were used in the analysis. RNA integrity was further assessed by 1% denaturing agarose gel electrophoresis. Two micrograms of total RNA were reverse transcribed into cDNA to a final volume of 40 µl using RevertAid Transcriptase (Thermo Scientific) according to the manufacturer's instructions. qRT-PCR was performed in RotorGene Q System (Qiagen). The reaction mixture (20 µl) contained 10 µl of SsoAdvanced Universal SYBR ® Green Supermix (2X), 1 μl of each primer (500 nM), 5 μl of diluted cDNA (1:40) and 4 μl of nuclease-free water. Amplifications were performed using the following cycling profile: an initial activation step (95 °C for 1 min) followed by 40 cycles of denaturation at 95 °C for 20 s, annealing at 60.5 °C for 20 s, and extension at 72 °C for 15 s. For melting curve analysis, a dissociation step cycle (72 °C for 10 s, and then 0.5 °C for 10 s until 95 °C) was added. All qRT-PCR experiments were performed in three biological and three technical replicas. Amplification efficiency (E) and correlation coefficient (R 2 ) were calculated using the Rotor-Gene Q Series Software Version 2.3.1. (Qiagen) by standard curve method with 4-fold serial dilutions (Table 1) .
Data analysis. The expression stability of the 9 reference genes was evaluated by geNorm module of qbase + Version 3.1 (Biogazelle), NormFinder, BestKeeper and RefFinder algorithms in 90 samples (three biological replicas and 30 different conditions, Supplementary Table S1) under different experimental conditions. The geNorm module was used to compute expression stability values for all reference targets. As an input for analysis, C t values exported directly from the Rotor-Gene Q Series Software Version 2.3.1. (Qiagen) were used. The candidate reference genes were ranked according to the expression stability M value, which is the average pairwise variation of a particular gene with all other reference genes. The gene showing the lower M-value is assigned to be expressed in a more stable fashion, while the one with the higher M-value has the less stable expression 53 . This algorithm was used to rank the optimal number of reference genes for each experimental condition. The geNorm module determines the pairwise variation V n /V n+1 between two subsequent normalization factors NF n and NF n+1 in order to rank the minimum number of reference genes for normalization with a cut-off value of 0.15. NormFinder is a Visual Basic application software which takes into account intra-and inter-group variations and calculates a stability M-value. The genes with lower M-values indicate low inter-and intra-group variations and are considered to have greater stability 54 . The BestKeeper algorithm is usually performed by assessing the calculation of standard deviation SD (±C t ) and correlation coefficients of variance CV (%C t ) for all reference genes in all samples. All stably expressed reference genes are combined into the BestKeeper index using the geometric mean of each candidate reference gene's C t value 25 . The webbased tool RefFinder (http://leonxie.esy.es/ RefFinder/) was used in order to combine the results and rank the candidate genes. The lowest rank indicates the most stably expressed gene.
